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ABSTRACT WD repeat-containing protein 5 (WDR5) is essential for assembling the
VISA-associated complex to induce a type | interferon antiviral response to Sendai
virus infection. However, the roles of WDR5 in DNA virus infections are not well de-
scribed. Here, we report that human cytomegalovirus exploits WDR5 to facilitate
capsid nuclear egress. Overexpression of WDR5 in fibroblasts slightly enhanced the
infectious virus yield. However, WDR5 knockdown dramatically reduced infectious vi-
rus titers with only a small decrease in viral genome replication or gene expression.
Further investigation of late steps of viral replication found that WDR5 knockdown
significantly impaired formation of the viral nuclear egress complex and induced
substantially fewer infoldings of the inner nuclear membrane. In addition, fewer cap-
sids were associated with these infoldings, and there were fewer capsids in the cyto-
plasm. Restoration of WDR5 partially reversed these effects. These results suggest
that WDR5 knockdown impairs the nuclear egress of capsids, which in turn decreases vi-
rus titers. These findings reveal an important role for a host factor whose function(s) is
usurped by a viral pathogen to promote efficient replication. Thus, WDR5 represents an
interesting regulatory mechanism and a potential antiviral target.

IMPORTANCE Human cytomegalovirus (HCMV) has a large (~235-kb) genome with
over 170 open reading frames and exploits numerous cellular factors to facilitate its rep-
lication. HCMV infection increases protein levels of WD repeat-containing protein 5
(WDR5) during infection, overexpression of WDR5 enhances viral replication, and knock-
down of WDR5 dramatically attenuates viral replication. Our results indicate that WDR5
promotes the nuclear egress of viral capsids, the depletion of WDR5 resulting in a signif-
icant decrease in production of infectious virions. This is the first report that WDR5 fa-
vors HCMV, a DNA virus, replication and highlights a novel target for antiviral therapy.
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he Herpesviridae family encompasses eight human-pathogenic members which are
classified into three subfamilies (the Alpha-, Beta-, and Gammaherpesvirinae sub-
families) on the basis of their host range, cell tropism and site of latency, model of
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replication, and sequence similarity (1, 2). Human herpesvirus 5, a ubiquitous oppor-
tunistic pathogen also known as human cytomegalovirus (HCMV), is responsible for
congenital infection in developed countries (0.6% to 0.7%) (3) and in developing
countries (1% to 5%) (4), and approximately 50 to 90% of adults globally have been
infected with HCMV (5).

The life cycle of HCMV proceeds within the nucleus and cytoplasm. After virus entry,
capsid formation as well as double-stranded DNA synthesis and encapsidation occurs
in an enlarged host cell nucleus (6). HCMV replicates and packages its double-stranded
viral genome within or at the periphery of nuclear replication compartments (NRCs) in
the nucleus (7-9). HCMV capsids have a diameter of about 85 nm, which prevents their
direct transport into the cytoplasm through intact nuclear pores (which have a diam-
eter of about 39 nm) (6, 10-12). Therefore, HCMV nuclear egress occurs in several steps:
(i) capsids move from NRCs toward the periphery of the nucleus via F-actin filaments
(13), which may help capsids gain contact with the inner nuclear membrane (INM). (ii)
Viral nuclear egress complexes (NEC), encompassing viral proteins, such as pUL50,
pUL53, and RASCAL, recruit viral kinase pUL97 and cellular proteins, including p32/
gC1gR, emerin, protein kinase C, etc., to phosphorylate nuclear lamins. This in turn
disrupts the nuclear lamina barrier to permit infoldings of the inner nuclear membrane
(IINMs) so that capsids can undergo primary envelopment, budding into the perinu-
clear space. (iii) Enveloped capsids in the perinuclear space then fuse with the outer
nuclear membrane (ONM) and undergo deenvelopment to be released into the cyto-
plasm (14-22). In the cytoplasm, viral tequment proteins, including pp28, pp65, pp71,
pp150, and pUL48, sequentially surround the capsids. Viral envelope glycoproteins,
including gB, gH, gL, gM, gN, and gO, are present in the Golgi apparatus-derived
secretory vesicles within small transport vacuoles (23). The tegumented capsids are
thought to be enveloped via budding into glycoprotein-containing vacuoles in the
cytoplasm (23-25). Finally, virions exit the host cells by utilizing the cellular transport
machinery and complete the viral life cycle (6).

WD repeat-containing protein 5 (WDR5), a member of the WD-40 repeat protein
family, is found in several multisubunit complexes, such as histone 3 at lysine 4 (H3K4)
methyltransferases of the SET1 family (SET1A, SET1B, MLL1, MLL2, MLL3, and MLL4)
(26-30). Methylation of H3K4 is usually associated with transcriptionally active promot-
ers (31). Hence, previous studies of WDR5 have focused on epigenetic modulation
through H3K4 trimethylation (32-35). It is also documented that WDR5 plays an
essential role in reprogramming and self-renewing embryonic stem cells and maintain-
ing their pluripotency (36, 37) and promoting cancer cell proliferation and tumorigen-
esis in leukemia (32, 38, 39). Moreover, WDR5 has been shown to play an antiviral role
in Sendai virus (SeV) infection by a mechanism involving viral RNA-triggered type |
interferon (IFN) signaling (40). However, it remains to be determined whether WDR5
plays a similar role in HCMV (DNA virus) infection.

In this study, we found that WDR5 expression increases during HCMV infection and
this serves to enhance HCMV replication. Furthermore, knockdown of WDR5 resulted in
defects in capsid nuclear egress and reduced production of infectious virions. Our
findings suggest that WDR5 contributes to HCMV replication.

RESULTS

HCMV infection upregulates WDR5. Cellular protein WDR5 has been reported to
be recruited to the VISA-associated complex (also known as MAVS, IPS-1, and Cardif)
upon infection by Sendai virus (SeV) and to play an essential role in activating IFN
regulatory factor 3 (IRF3) and NF-«B signaling (40). To investigate whether there was a
corresponding role for WDR5 in HCMV infection, WDR5 and viral proteins were quan-
tified in infected human embryonic lung fibroblasts (HELs) during HCMV infection. As
expected, the levels of representative viral proteins, including immediate early (IE; IE1
and |E2), early (pUL44), and late (gB) proteins, increased as the virus infection pro-
gressed. However, the protein levels of WDR5 increased dramatically (Fig. 1A, right), a
finding which is distinct from that seen during SeV infection, in which no change in the
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FIG 1 HCMV infection upregulates WDR5. HELs were mock infected (M) or infected with HSV-1 or HCMV (V)
at an MOI of 3 and then harvested at 36 hpi (HSV-1) or the times indicated (HCMV). (A) Relative protein
levels were determined from IBs of cell lysates that were probed for the indicated proteins; actin is a loading
control. Protein levels relative to those in mock-infected controls were determined by densitometry and are
indicated below each WDR5 blot. Representative images from three independent experiments are shown.
(B) Total RNA was isolated, and the relative levels of WDR5 transcripts were determined by qRT-PCR; GAPDH
is an internal control. Data were normalized to the levels in mock-infected cells to provide fold changes
after HCMV infection. Data were analyzed by one-way ANOVA. *, P < 0.05; ***, P < 0.001. (C) HCMV-infected
HELs were treated with cycloheximide (CHX; 100 wg/ml) at 72 hpi, and the levels of WDR5 were determined
by IB at 4-h intervals after CHX addition and normalized to the levels measured at O h. Representative
images from three independent experiments are shown (top); relative levels are presented as means *+ SDs
(bottom). Data were analyzed by one-way ANOVA. ***, P < 0.001. (D) At 72 hpi, HCMV-infected HELs were
treated with DMSO (—) or MG132 (6 uM) (+) and then harvested 8 h later and analyzed to determine the
extent of WDR5 ubiquitination by immunoprecipitation (IP) with WDR5 antibody followed by IB with
antiubiquitin antibody (right). The levels of ubiquitinated proteins or specific proteins were deter-
mined by probing the IBs of input samples with antiubiquitin (Ub) antibody or antibodies to the
indicated proteins (left).

WDR5 protein level was noted (40). In contrast, herpes simplex virus 1 (HSV-1), a
member of the Alphaherpesvirinae subfamily, caused a decrease in WDR5 protein levels
(Fig. 1A, left). These data suggest that the increase in WDR5 may be a unique cellular
response to HCMV infection.

The protein quantity measured at a steady state is usually the combined outcome
of gene expression, translation, and protein degradation. Therefore, quantitative re-
verse transcription-PCR (qRT-PCR) was performed to examine WDR5 mRNA levels. As
shown in Fig. 1B, compared to the levels in the mock-infected controls at the same time
points, the mRNA level of WDR5 increased with progression of HCMV infection.
Upregulation occurred at 12 h postinfection (hpi), and the mRNA levels continuously
increased to about 6-fold of those for the mock-infected controls at 96 hpi. The stability
of WDR5 was also examined in mock- and HCMV-infected HELs. To inhibit de novo
protein synthesis, cells were treated with 100 uM cycloheximide (CHX) starting at 72 hpi
and then harvested at 4-h intervals up to 84 hpi. Following CHX treatment, the WDR5
protein level rapidly decreased in mock-infected cells but was maintained at a constant
level in HCMV-infected HELs (Fig. 1C). These data suggest that HCMV infection stabilizes
WDR5.

WDRS5 can be degraded through the proteasome-dependent pathway (41), and the
ubiquitin-proteasome system is the main pathway to regulate proteolysis of target
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FIG 2 WDR5 overexpression enhances HCMV genome replication, viral gene expression, and infectious
virus yield. HELFs were transduced with lentiviruses designed to overexpress WDR5 (OE) or the empty
vector control (NC) and then infected with HCMV or HSV-1 at the indicated MOls. Infected cells and
culture supernatants were collected at the times indicated and analyzed to determine viral genome copy
number, viral protein level, and infectious virus titers. (A) Viral genome replication. The HCMV genome
copy number was determined by qPCR and normalized to the amount of cellular DNA (GAPDH). Results
are shown as means =+ SDs. (B) IB was used to determine relative WDR5 or viral protein levels in cell
lysates. Representative images from three independent experiments are shown. (C) Growth kinetics of
viral infection. NC and OE cells were infected with HCMV at an MOI of 3 (left) or 0.5 (middle) or HSV-1
at an MOI of 3 (right). Supernatant samples were collected at the indicated times postinfection, and
infectious virus was titrated by a plaque formation assay. The average results from three independent
ones are shown. Significance was analyzed by one-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

proteins (42). Thus, the increased stability of WDR5 during HCMV infection is presum-
ably a consequence of reduced ubiquitin-proteasomal degradation or reduced WDR5
ubiquitination. The levels of ubiquitinated WDR5 were examined in mock- and HCMV-
infected HELs. A substantial amount of ubiquitinated WDR5 was detected in mock-
infected HELs, and the amount was increased by addition of the proteasome inhibitor
MG132 (Fig. 1D, right). This finding was consistent with a previous report (41). Notably,
in HCMV-infected HELs the levels of ubiquitinated WDR5 were dramatically reduced,
even in the presence of MG132 (Fig. 1D, right). Taken together these results indicate
that HCMV infection upregulates WDR5 protein levels by increasing WDR5 mRNA and
suppressing ubiquitin-proteasomal degradation of WDR5.

WDRS5 affects HCMV replication. HCMV infection not only increased the expression
of WDR5 but also inhibited its degradation. Thus, the increased expression of WDR5
during HCMV infection could have an impact on HCMV replication. To aid in our
investigations, human telomerase reverse transcriptase (hTERT)-immortalized HEL cells
(HELFs) (43) were employed to construct lentivirus-transduced cell lines that overex-
pressed WDRS5 or in which WDR5 was knocked down. Overexpression of WDR5 had no
significant impact on HCMV viral genome replication (Fig. 2A) or viral protein expres-
sion throughout infection (Fig. 2B) or caused only a minimal difference in infectious
virus yields (Fig. 2C, left and middle). In contrast, HSV-1 replication was clearly sup-
pressed by WDR5 overexpression (Fig. 2C right). These data suggest that the levels of
WDRS5 that are induced following HCMV infection are sufficient to support HCMV
replication.

WDR5 expression was then knocked down using short hairpin RNAs (shRNAs).
Lentiviruses expressing scrambled shRNA (sh-Scram) or three WDR5-specific shRNAs
(sh-W1, sh-W2, and sh-W3) were transduced into HELFs. Knockdown efficiencies are
shown in Fig. 3A. All three WDR5-specific sShRNAs decreased WDR5 protein levels, with
sh-W3 being the most effective. Clonal cell lines isolated from HELFs that were
transduced with sh-W3 were screened for WDR5 expression, and one, designated KD,
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FIG 3 Knockdown of WDR5 suppresses HCMV replication. (A) Efficiency of WDR5 knockdown. HELFs were transduced with
lentiviruses expressing scrambled shRNA (sh-Scram) or three WDR5-specific shRNAs (sh-W1, sh-W2, sh-W3), and WDR5 levels
were examined by IB at 48 h postransduction. WDR5 levels relative to those in sh-Scram-transduced cells are listed below each
blot. (B) WDR5 protein level in the established cell lines. WDRS5 levels in stable cell lines derived from HELFs transduced with
sh-Scram (Ctl cells) or sh-W3 (KD cells) or KD cells transduced with WDR5-expressing lentivirus (Rec cells) were examined by
IB. WDR5 levels relative to those in Ctl cells (after normalization to the actin level) are listed below the corresponding blots.
(C) Cell viability. The viability of cells of the Ctl, KD, and Rec cell lines were determined by MTT assay. Data were from three
independent experiments and were analyzed by one-way ANOVA followed by the Bonferroni post hoc test. Results are
presented as means * SDs. NS, not significant. (D) Growth kinetics of viruses. Ctl, KD, or Rec cells were infected with HCMV
or HSV-1 at the indicated MOIs. Culture supernatants were collected at the indicated times postinfection, and infectious virus
titers were determined by a plaque formation assay. Data were collected from three independent experiments, performed in
triplicate, and analyzed by one-way ANOVA (right). Results are presented as means = SDs. **, P < 0.01; ***, P < 0.001. When
a comparison among experimental groups was needed (left and middle), the Bonferroni post hoc test was conducted for
multiple-test corrections. **, P < 0.0033; ***, P < 0.0003.

was identified as expressing low levels of WDR5. A control cell line, designated Ctl, was
isolated in parallel from sh-Scram-transduced HELFs. Lastly, KD cells were transduced
with a lentivirus expressing WDR5, and clonal cell lines were screened to identify a cell
line, designated Rec, in which normal WDR5 expression was restored. As seen in Fig. 3B,
WDR5 expression in KD cells was significantly decreased, while Rec cells expressed
WDRS5 at levels that were comparable to those for Ctl cells. The viability of KD and Rec
cells was slightly lower than that of Ctl cells, but the differences were not statistically
significant (Fig. 3Q).

The Ctl, KD, and Rec cells were then infected with HCMV at a multiplicity of infection
(MOI) of 3 or 0.5, and infectious virus titers in the cell culture were determined at
different days postinfection (dpi) to generate single- and multistep growth curves. As
expected, similar viral growth kinetics were observed in Ctl and Rec cells; however, the
infectious yield was significantly decreased in KD cells, with the most significant effect
being observed at an MOI of 0.5. The virus titers produced by KD cells were 8.9-fold
lower than those produced by Ctl cells at 5 dpi at an MOI of 3 and 22-fold lower at 6
dpi at an MOI of 0.5. This suppression was maintained to 10 dpi at the low MOI (Fig. 3D,
left and middle). In contrast, HSV-1 replication was significantly enhanced by knock-
down of WDR5 (Fig. 3D, right). These results suggest that HCMV promotes WDR5
expression to enhance its replication efficiency.

Knockdown of WDR5 does not affect viral entry but slightly attenuates viral
genome replication and viral gene expression. The replication of HCMV can be
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FIG 4 Effect of WDR5 knockdown on viral entry, genome replication, and viral gene expression. Ctl, KD, or Rec cells were
mock infected (M) or infected with HCMV (V) at the indicated MOls. Cells were harvested or fixed at the indicated times
postinfection and processed for determination of viral entry, viral genome replication, or viral gene expression. (A) Viral
entry determined by input pp65 levels. Cells were harvested at 1 hpi and analyzed by IB to detect pp65. Protein levels were
quantified by densitometry, normalized to the amount of actin, and compared to the corresponding levels in Ctl cells.
WDR5 and pp65 protein levels relative to those in Ctl cells are listed below the corresponding blots. (B) Viral entry
determined by IE1 expression. Ctl, KD, or Rec cells on coverslips were infected with HCMV at an MOI of 1 and fixed at 12
hpi. HCMV [ET protein (red) was detected by IFA, and nuclei were counterstained with DAPI (blue). Total cells and
IE1-positive cells were counted in 20 random fields selected from each experiment. Data were analyzed by one-way ANOVA
followed by the Bonferroni post hoc test. Representative images (left) and quantifications (right) are shown. Results are
medians = SDs. NS, not significant. (C) Viral genome level. HCMV-infected Ctl, KD, and Rec cells were assessed for the
HCMV genome copy number at the indicated times postinfection by qPCR. Data were analyzed by one-way ANOVA
followed by the Bonferroni post hoc test. Results are shown as means =+ SDs. *, P < 0.0167; ***, P < 0.0003. (D) Viral protein
level. HCMV-infected Ctl, KD, and Rec cells were collected at the indicated times postinfection, and cell lysates were
subjected to IB to detect the indicated proteins. Representative images from three independent experiments are shown.

affected at different stages of the virus life cycle, such as viral entry, viral genome
replication, viral gene expression, capsid assembly, viral genome encapsidation, nuclear
egress, tegumentation, envelopment, and release of mature virions (20). To determine
which of these steps are affected by WDRS5, viral replication at each step was compared
in Ctl, KD, and Rec cells.

Initially, viral entry was compared among Ctl, KD, and Rec cells. Following viral entry
and uncoating, the viral tegument protein pp65 rapidly translocates to the nucleus.
Thus, cell-associated pp65 is commonly used as an indicator for viral attachment or
entry (44-46). To measure pp65 translocation, cells were infected at an MOI of 5 and
incubated at 4°C for 1 h to allow virus to attach. Cells were then incubated for 1 h at
37°C to allow virus entry, washed to remove unattached virus, trypsinized, and analyzed
by immunoblotting (IB) to determine the levels of cell-associated pp65. Similar pp65
amounts were observed with Ctl, KD, or Rec cells (Fig. 4A). IE1 gene expression is
another commonly used marker of HCMV entry and also indicates initiation of viral
replication. IE1 protein was examined by immunofluorescence analysis (IFA) at 12 h
following infection at an MOI of 1. Similar percentages of IE1-positive cells were
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observed for Ctl, KD, and Rec cells (Fig. 4B). These data indicate that viral entry is not
affected by knockdown of WDRS5.

Viral genome replication and viral gene expression were then compared in Ctl, KD,
and Rec cells. Cells were infected with HCMV at an MOI of 1 and harvested at different
times postinfection, and viral genome copy numbers were determined by quantitative
PCR (gPCR). At 96 hpi, viral genome copy numbers in infected KD cells were reduced
1.7-fold compared with those in Ctl cells and 1.5-fold compared with those in Rec cells
(Fig. 4C). The levels of representative viral gene products, including viral immediate
early (IE; IE1/IE2), early (pUL44), and late (gB) proteins, were examined by IB. The protein
levels of IE1/IE2 and pUL44 were similar or only mildly decreased in KD cells compared
to Ctl or Rec cells. However, the level of the late protein gB was lower in KD cells than
in Ctl or Rec cells (Fig. 4D). These data suggest that WDR5 knockdown affects the later
events of the viral life cycle, rather than viral entry, genome replication, or immediate
early and early viral gene expression.

Knockdown of WDR5 does not affect capsid formation. The lack of an observed
difference in viral entry along with only a modest decrease in viral genome replication
and viral gene expression appeared to be inconsistent with the ~22-fold reduction in
infectious virus titers produced by KD cells (Fig. 3D, middle). Therefore, we focused our
studies on the potential impact on late events of the HCMV life cycle, including virus
assembly, egress, and release. Transmission electron microscopy (TEM) was initially
used to investigate which steps are affected by WDR5 knockdown. First, the numbers
of capsids were compared among infected Ctl, KD, and Rec cells at 96 hpi (MOl = 0.5).
In the replication cycle of HCMV, viral capsids assemble in the nucleus before egress
into the cytoplasm for further tegumentation, envelopment, and release (20, 47, 48).
Representative micrographs showed that HCMV capsids were produced in all the three
cell lines (Fig. 5A to F). Ctl, KD, and Rec cells on average contained about 221.0, 151.2,
and 168.5 capsids per cell, respectively. Thus, the number of capsids in KD cells was
about 1.5-fold and 1.1-fold lower than that in Ctl and Rec cells, respectively, but these
differences were not statistically significant (Fig. 5G). In infected cell nuclei, HCMV
genome packaging results in three types of capsids: A capsids lack DNA and appear
empty, B capsids also lack DNA but contain scaffold proteins that produce a wagon
wheel appearance, and C capsids contain electron-dense DNA and are therefore
capable of maturing into infectious virions (6, 20, 49-51). The ratios of A, B, and C
capsids were not significantly different between infected Ctl, KD, and Rec cells (Fig. 5H).
These results indicate that knockdown of WDR5 does not significantly affect the
efficiency of viral capsid assembly or genome packaging.

Most capsids form in NRCs, which can be identified by TEM as electron-dense, darkly
staining inclusions in the nuclei, and are then transported from NRCs to the INM for
nuclear egress (51). The numbers of capsids located in the periphery of the nucleus and
outside NRCs (Fig. 5B, D, and F, white arrows) were quantified and compared in infected
cells (Fig. 51). There were, on average, 12.8, 9.6, and 11.2 capsids per nucleus that
localized outside NRCs in infected Ctl, KD, and Rec cells, respectively, and again, the
difference in the number of capsids per nucleus among the cells was not significant.
This suggests that the migration of capsids from NRCs toward the nuclear periphery is
not affected by WDR5 knockdown.

Knockdown of WDR5 impairs capsid nuclear egress. Capsid nuclear egress refers
to the translocation of capsids through the nuclear membrane (52). [INMs are the
primary site for nuclear egress of HCMV capsids (21, 53), and viral proteins pUL50 and
pUL53 are crucial for the proper formation of [INMs by contributing to the assembly of
NEC. pUL50 interacts with pUL53 and forms a rim around the nucleus of the infected
cell; thus, pUL53 can serve as a marker of NEC (17, 22, 54). To evaluate the effects of
WDR5 knockdown on capsid nuclear egress, cells were costained with pUL53 and the
HCMV major capsid protein (MCP). MCP-positive cells represented the cells that ex-
pressed capsid proteins or had capsids assembled. Among MCP-positive cells, the
percentage of pUL53-positive cells increased and pUL53 formed a continuous nuclear
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FIG 5 Knockdown of WDR5 does not affect capsid formation. Ctl cells (A and B), KD cells (C and D), or Rec cells (E and F) were infected
with HCMV at an MOI of 0.5 and fixed at 96 hpi for analysis by TEM. To evaluate the formation of capsids in the nuclei, capsid
quantification and analysis were performed. Cell sections were captured at a magnification of X1,700 (A, C, and E), and the boxed
regions were enlarged to a magnification of X9,600 (B, D, and F) to show the capsids. Cyto, cytoplasm; Nuc, nucleus. (G) For each
experiment, the total numbers of A, B, or C capsids per cell were quantitated. (H) The prevalence of A, B, and C capsids in each cell
type was calculated as the percentage of the total number of capsids per cell. (I) Capsids that localized outside of NRCs (B, D, and F,
white arrows) were counted in 12 nuclei of each cell type. Data were collected from three independent experiments and analyzed by
the Kruskal-Wallis test. The medians from each experiment are indicated, and their values are shown to the right of each plot. The
means from the three experiments are shown above the data for each cell line. NS, not significant.
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FIG 6 Knockdown of WDRS5 affects capsid nuclear egress by impairing NEC formation. Ctl, KD, or Rec cells were infected with HCMV at an MOI of 1, and the
cells were fixed at the indicated times for IFA. (A) MCP (cyan) and pUL53 (red) were determined by IFA, and nuclei were counterstained with DAPI (blue).
Representative images from three independent experiments are shown. (B) Cells staining positive for MCP or pUL53 were counted in 20 random fields. The
percentages of pUL53-positive cells among MCP-positive populations during the course of HCMV infection are shown. Data from three independent
experiments were analyzed by one-way ANOVA followed by the Bonferroni post hoc test. The results are presented as the means = SDs. NS, not significant;
*, P < 0.0167; **, P < 0.0033; ***, P < 0.0003. (C) Average numbers of pUL53 puncta per nuclear rim at 120 hpi in Ctl, KD, or Rec cells. Data were collected from
three independent experiments and analyzed by the Kruskal-Wallis test followed by post hoc Dunn’s multiple-comparison test. The medians from each
experiment are indicated to the right of each plot, and the means from the three experiments for each cell line are shown above the data. NS, not significant;
*** P < 0.001.

rim as the infection progressed in all three cell types. By 48 hpi, a low percentage of
cells had a continuous nuclear rim of pUL53 and pUL53 almost exclusively localized to
the nucleus, with minor localization occurring at the perinuclear region. As the infection
progressed, the percentage of cells with a continuous nuclear rim stained with anti-
pUL53 antibodies continued to increase. As shown in Fig. 6A, the MCP-positive rates
were not significantly different among Ctl, KD, or Rec cells, which was consistent with
the similar capsid numbers per cell observed by TEM (Fig. 5G). However, the fraction of
KD cells with a pUL53 rim was significantly decreased relative to that of Ctl and Rec cells
during the entire infection time course. Moreover, some of the nuclear rims in KD cells
exhibited discontinuous pUL53 staining and presented as dashed rims (Fig. 6A and B,
white arrows). By 72 hpi, pUL53 gradually formed punctate structures that have been
shown to coincide with IINMs (54). At 120 hpi, there were significantly more punctate
pUL53 structures per pUL53-positive Ctl cell (12.2) or Rec cell (11.2) than per pUL53-
positive KD cell (5.7) (Fig. 6C).

pUL50 and pUL53 are crucial for NEC formation. To further determine whether
WDRS5 participates in NEC formation, pUL50 and pUL53 were transiently expressed in
Ctl, KD, and Rec cells. When expressed individually, pUL50 mainly localized to the
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FIG 7 pUL50 and pUL53 colocalize in transfected Ctl, KD, or Rec cells. Uninfected Ctl, KD, or Rec cells were transiently transfected with plasmids carrying
UL50-DsRed or hemagglutinin (HA)-UL53. Cells were fixed at 48 h posttransfection and stained with a mouse antihemagglutinin primary antibody, followed by
Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin secondary antibody (green). Nuclei were counterstained with DAPI (blue). Cells in the upper two
rows were transfected with each plasmid independently, while cells in the next three rows were cotransfected with both plasmids simultaneously. Areas
magnified in the bottom panels are framed by boxes in the panels above. Bars, 10 um.

perinuclear rim and cytoplasm, while pUL53 principally localized in the nucleoplasm.
Consistent with previous reports (21, 53, 54), when coexpressed, both pUL50 and
pUL53 localized to the nuclear rim. In KD cells, colocalization of pUL50 and pUL53
formed discontinuous dashed-rim structures (Fig. 7). These data suggest that WDR5
depletion alters NEC formation.

IINMs are the primary location for HCMV capsid nuclear egress (6, 10, 18). Using TEM,
IINMs appeared as tubular infoldings of the inner nuclear membrane with their lumens
adjacent to the nucleoplasm. Whether WDR5 knockdown alters IINMs was examined.
The structure of IINMs was examined by TEM at 120 hpi and compared among infected
Ctl, KD, and Rec cells. Representative images of IINMs (red dashed lines) were obtained
in all of the infected Ctl, KD, or Rec cells (Fig. 8A to I). Quantifying the number of cells
with [INM structures revealed that 38.6% of Ctl cells and 34.4% of Rec cells contained
IINMs, while the corresponding fraction in KD cells was significantly lower (15.8%), as
shown in Fig. 8J. The numbers of IINMs per IINM-containing nucleus were also quan-
tified. On average, there were 2.5, 1.2, and 1.3 IINMs in each IINM-containing Ctl, KD,
and Rec cell, respectively. The number of IINMs in KD cells was significantly lower than
the number in Ctl cells (Fig. 8K). Due to the limitations of TEM, IINMs were observed in
only less than half of the infected cells. The numbers of capsids associated with [INMs
were further quantified in INM-containing cells. Among IINM-containing cells, each KD
cell contained an average of 4.5 capsids associated with [INM, whereas each Ctl and Rec
cell contained 25.4 or 20.8 IINM-associated capsids. Thus, KD cells contained 5.7-fold
and 4.5-fold fewer lINM-associated capsids than Ctl and Rec cells (Fig. 8L).

In summary, the fraction of cells that contained IINMs, the number of [INMs per cell,
and the number of capsids associated with IINMs and presumably undergoing nuclear
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FIG 8 Knockdown of WDR5 impairs formation of [INM. Ctl (A to C), KD (D to F), or Rec (G to I) cells were infected with HCMV
at an MOI of 0.5 and then fixed at 120 hpi for TEM. Micrographs were captured at a magnification of X1,700 (A, D, and G), while
the boxed regions are enlarged to a magnification of X3,500 (E) or X6,800 (B, C, F, H, and I). INMs are delineated by dotted
red lines. (J) For each experiment, 12 cells with identifiable nuclei were randomly selected to calculate the percentages of cells
containing IINMs. (K and L) The numbers of [INMs per cell (K) and the numbers of [INM-associated capsids per cell (L) were
determined for each cell type. Data were collected from three independent experiments and analyzed by the Kruskal-Wallis
test followed by post hoc Dunn’s multiple-comparison test. The medians for each experiment are indicated to the right of each
plot, and the means from the three experiments for each cell line are shown above the data. NS, not significant; *, P < 0.05;

*xx p -

0.001.

egress were significantly reduced in KD cells. Normalizing these data to the fraction of
KD cells forming IINMs indicated that there were 2.4-fold fewer INM-containing cells in
the KD cell line than in the Ctl cell line (38.6% Ctl cells/15.8% KD cells) and 2.2-fold
fewer IINM-containing cells in the KD cell line than in the Rec cell line (34.4% Rec
cells/15.8% KD cells). Furthermore, when the fold decrease in IINMs was then normal-
ized to the respective change in the number of capsids associated with [INMs, KD cells
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had approximately 13.7-fold fewer IINM-associated capsids than Ctl cells (2.4 X 5.7) and
9.9-fold fewer IINM-associated capsids than Rec cells (2.2 X 4.5). Taken together, these
results indicate that WDR5 knockdown impairs capsid nuclear egress by altering NEC
formation, impairing IINM formation, and reducing capsid recruitment to lIINMs.

Knockdown of WDR5 decreases viral particles in cytoplasm. To assess the impact
of WDR5 knockdown on production of viral particles in the cytoplasm, cells were
infected and the numbers of viral particles in the cytoplasm were quantified. TEM
images revealed a large number of viral particles, including virions, in the cytoplasm of
Ctl cells (Fig. 9A to C) and Rec cells (Fig. 9G to I) but very few in KD cells (Fig. 9D to F).
The median values for the number of cytoplasmic viral particles per cell in Ctl, Rec, and
KD cells were 47.6, 34.0, and 4.5, respectively. Thus, the number of cytoplasmic viral
particles in KD cells was 10.6- and 7.6-fold less than the number in Ctl and Rec cells,
respectively, and these differences were statistically significant (Fig. 9J). The 10.6-fold
difference in the numbers of cytoplasmic viral particles was consistent with the
13.7-fold decrease in IINM-associated capsids. Finally, restoration of WDR5 almost
completely rescued the production of cytoplasmic viral particles (Fig. 9G to I). These
results indicate that WDR5 knockdown impairs nuclear egress of capsids, which in turn
impairs viral particles in the cytoplasm and decreases infectious virus yield.

DISCUSSION

HCMV utilizes sophisticated strategies to exploit host factors in order to optimize
viral replication. Upon HCMV infection, the virus initiates cell cycle arrest at the G,/S and
G,/M phases to create an optimal cellular environment for viral replication by modu-
lating multiple cell cycle regulators (44, 55). At the very immediate early stage, pp71
disrupts Daxx, IET decreases Sp100A to inhibit the intrinsic cellular immunity (56-58),
and |E2 interacts with HDAC2 to relieve its repressive effect on the viral polymerase
promoter (59). Upon HCMV nuclear egress, viral proteins pUL50 and pUL53 form a
complex and recruit the cellular proteins p32/gC1qR, emerin, and protein kinase C to
alter the structure of the nuclear membrane to facilitate the nuclear egress of capsids
(21). During HCMV cytoplasmic virion assembly, the Golgi apparatus, the trans-Golgi
network, and early endosomes are driven to form a viral assembly compartment to
facilitate virion maturation (60).

In the present study, we found that HCMV infection increased the expression of and
stabilized the cellular protein WDR5. Overexpression of WDR5 slightly enhanced HCMV
replication, while knockdown significantly attenuated HCMV replication. To identify
the steps in which WDR5 is involved, the replicative cycle of HCMV replication was
investigated in WDR5-depleted cells. Our data indicate that formation of the NEC and
IINMs was significantly impaired, suggesting that the nuclear egress of HCMV capsids
is a key step in which WDRS5 is involved.

Among the numerous cellular factors exploited by HCMV, proteins encoded by
IFN-stimulated genes directly exhibit restrictive effects on microbial infections (61).
However, HCMV has evolved mechanisms to allow or enhance expression of certain
IFN-stimulated genes and repurposes some of them to facilitate virus production. This
is distinct from the mechanisms adopted by other viruses, especially RNA viruses (62).
These host factors are as follows: () gamma interferon (IFN-vy)-inducible protein 16
(IF116) senses double-stranded DNA, activates IRF3 to initiate the innate immune
response (63), and restricts HCMV replication by downregulating expression of viral
early and late genes (64). In return, pp65 (pUL83) blocks the nuclear DNA sensing of
IFI16 by hijacking IFI16 to activate HCMV major immediate early promoter (MIEP) (65).
In late stages of HCMV infection, pUL97 mislocalizes IFI16 into the virus assembly
compartment and entraps it in mature virions to compromise its restriction activity (66).
(ii) Bone marrow stromal cell antigen 2 (BST2) is also present in HCMV virions and
enhances viral entry. In addition, ectopic expression of BST2 in HCMV naturally non-
permissive HEK293M cells could allow virus entry (45). (iii) IFN-induced transmembrane
proteins (IFITMs) are exploited by HCMV to promote the formation of the virus
assembly compartment to facilitate the virus assembly process (67). (iv) Viperin inter-
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FIG 9 Knockdown of WDR5 decreases the number of cytoplasmic virions. Ctl (A to C), KD (D to F), or Rec
(G to 1) cells were infected with HCMV at an MOI of 0.5 and fixed at 120 hpi for analysis by TEM. Sections
were captured at a magnification of X 1,700 (A, D, and G), and cytoplasmic compartments containing virus
particles were captured at magnifications of X3,500 (B, E, and H) and X6,800 (C, F, and ). For each
experiment, cytoplasmic virus particles located within virus assembly compartments were quantified in 10 cells.
Representative images (A to ) and quantitations (J) are shown. The medians from each experiment are indicated
to the right of each plot, and the medians from the three experiments for each cell line are shown above the
data. Data were collected from three independent experiments and analyzed by the Kruskal-Wallis test followed
by post hoc Dunn’s multiple-comparison test. NS, not significant; ***, P < 0.001.

acts with viral protein vMIA (the viral protein of UL37 exon 1), resulting in its relocation
from the endoplasmic reticulum to the mitochondria and mediating the generation of
ATP, enhancing HCMV infectivity (68).

Other cellular factors not associated with innate immunity are also exploited by
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HCMV. For example, p53, a key regulator of the cell cycle and apoptosis, is activated and
stabilized by HCMV infection in fibroblasts. The activated p53 is sequestered into the
viral replication center, so that cell apoptosis is avoided (69). vMIA plays an antiapop-
tosis role via sequestering Bax in mitochondria and blocking Bax-mediated apoptosis
(70). These factors work together to keep the infected cell alive and facilitate virus
replication.

Thus, HCMV has developed sophisticated strategies to modify the host antiviral
response and to direct antiviral molecules to facilitate its replication. In the current
study, we found that WDR5, a host protein reported to play an essential role in
induction of type | interferon and an antiviral response during infection of SeV (40),
promotes HCMV replication. Overexpression of WDR5 enhanced HCMV replication but
inhibited HSV-1 replication, whereas knockdown of WDR5 attenuated HCMV replication
but promoted replication of HSV-1. We further found that the protein levels of WDR5
were upregulated during HCMV infection but downregulated by HSV-1 infection. HCMV
and HSV-1 both belong to the Herpesviridae family, but HSV-1 is in the Alphaherpes-
virinae subfamily, whereas HCMV is in the Betaherpesvirinae subfamily. HSV-1 has a
wider host range, replicates more rapidly with an eclipse period of 18 to 20 h in Vero
cells (71), and releases higher titers of cell-free virions. HCMV has strict species speci-
ficity (72), replicates in cells with a longer eclipse period of 48 to 72 h, and releases
lower titers of cell-free virions. In clinical isolates, progeny virus remains highly cell
associated. Therefore, it is possible that HCMV uses different mechanisms than HSV-1 to
interact with WDR5 during its replication. Capsids of alphaherpesviruses move from the
NRC to the nuclear rim by diffusion rather than by dependence on F actins (73-75).
However, the migration of HCMV capsids is dependent on F actins (13, 75). Although
the two subunits of NEC are highly conserved across the Herpesviridae family (pUL50
and pUL53 of HCMV, pUL34 and pUL31 of HSV-1 and pseudorabies virus, ORF27 and
ORF29 of varicella-zoster virus, and BFRF1 and BFLF2 of Epstein-Barr virus [75]), viruses
egress in different ways. For example, HSV-1 nuclear egress involves the US3 kinase,
which is not conserved in HCMV (10). HCMV mainly forms tubular infolds of INM for
capsid trafficking (6, 10, 76), while HSV-1 achieves capsid budding directly via remod-
eling INM without formation of tubular infoldings of INM (77-79). In HCMV infection,
A, B, and C capsids associate with [INMs, which is consistent with a previous report
(18). In HSV-1 infection, C capsids selectively bud into the INM (80). The mechanisms
that are utilized by different herpesviruses for capsid nuclear egress require further
investigation.

During nuclear egress of HCMV capsids, pUL50 interacts with pUL53 and forms a
continuous nuclear rim structure in WDR5-competent cells (Ctl and Rec cells) but forms
discontinuous dashed-rim structures in a lower fraction of WDR5-deficient cells (KD
cells) under either HCMV infection or pUL50 and pUL53 cotransfection. These results
support that knockdown of WDR5 impairs formation of NEC. pUL50 interacts with
pUL53, but neither of them interacts with WDR5 directly, and another viral or cellular
protein(s) may be involved in the formation of NEC. pUL97 phosphorylates pUL50 at
S216 and pUL53 at S19, which is also required for the continuous nuclear rim of pUL50
and pUL53. In contrast, a discontinuous nuclear rim is observed in the absence of
pUL97 or with mutant pUL50 (UL50-5216) and pUL53 (UL53-S19) (81). However, how
formation of the NEC is affected by WDR5 knockdown requires additional study.

In summary, depletion of WDR5 significantly attenuates HCMV replication by de-
creasing NEC and IINM formation, thereby impairing capsid nuclear egress and, con-
sequently, virion maturation in the cytoplasm. These results indicate that WDR5 con-
tributes to HCMV replication via promoting nuclear egress.

MATERIALS AND METHODS

Ethics statement. Human embryonic lung fibroblasts (HELs) were isolated from postmortem embryo
lung tissue. The original source of the anonymized tissues was the Zhongnan Hospital of Wuhan
University (Wuhan, China). The cell isolation procedures and research plans were approved by the
Institutional Review Board (IRB; WIVH10201202) according to the Guidelines for Biomedical Research

May 2018 Volume 92 Issue 9 e00207-18

Journal of Virology

jviasm.org 14


http://jvi.asm.org

WDR5 Promotes HCMV Nuclear Egress

Involving Human Subjects at the Wuhan Institute of Virology, Chinese Academy of Sciences. The need for
written or oral consent was waived by the IRB (44).

Cells and cell culture. Human embryonic lung fibroblasts (HELs) were isolated and maintained in the
lab as described previously (44, 82, 83). HELF, an immortalized human embryonic lung fibroblast cell line,
was generated by introducing hTERT (kindly provided by Jason J. Chen at Columbia University) (43). Both
HELs and HELFs were cultured in minimum essential medium (MEM; catalog number 41500-034; Life
Technologies) supplemented with 10% fetal bovine serum (FBS; catalog number 10099-141; Life Tech-
nologies) and penicillin-streptomycin (100 U/ml and 100 ng/ml, respectively; catalog number 15140122;
Life Technologies). Human embryonic kidney 293T (HEK293T) cells were purchased from ATCC (CRL-
11268) and cultured in Dulbecco’s modified Eagle medium (DMEM; catalog number 12900017; Life
Technologies) supplemented with 10% FBS and penicillin-streptomycin as described above. All cell
cultures were performed at 37°C in a humidified atmosphere containing 5% CO,.

Viruses and infections. The HCMV Towne strain (ATCC VR-977) and a recombinant HSV-1 H129
strain created in the Luo laboratory (84) were used in this study. HCMV and HSV-1 were propagated and
titrated as described previously (44, 82-85). Cells were synchronized by serum starvation prior to
infection and then incubated with viral inocula for 2 h to allow for adsorption. The medium was then
removed and replaced with fresh MEM as described previously (86). Infected cells were harvested at the
times postinfection indicated above and in the figures.

Plasmid constructs and lentiviruses. The human WDR5-coding sequence (GenBank accession
number NM_017588) was amplified from total RNA isolated from HELs following reverse transcription
and then cloned into pCDH-CMV-MCS-EF1-copGFP (pCDH; System Biosciences, USA) at the Xbal/EcoRI
site to produce the WDR5 expression construct pCDH-WDR5. We purchased the shRNAs sh-Scram
(5'-TTCTCCGAACGTGTCACGT-3’), sh-W1 (5'-TCAGAGGATAACCTTGTTT-3’), sh-W2 (5'-AACCTTATTGTCTC
AGGAT-3’), and sh-W3 (5'-GTCGTCAGATTCTAACCTT-3’) cloned into lentiviral vector GV248 (hU6-MCS-
ubiquitin-enhanced green fluorescent protein-internal ribosome entry site-puromycin) from Shanghai
Genechem (Shanghai, China).

Lentiviruses expressing shRNAs were produced in HEK293T cells as described previously (43, 44). In
brief, HEK293T cells were seeded onto 100-mm dishes and cotransfected, using calcium phosphate, with
15 ug of the lentiviral vector DNAs (described above) with helper plasmids pML-A8.9 (12 ng) and pVSV-G
(8 ng). At 24 h posttransfection, the culture medium was replaced with DMEM with 10% FBS but without
antibiotics. Lentiviruses were harvested, titrated, and stored at —80°C as described previously (44).

Establishment of KD, Ctl, and Rec cell lines. A WDR5-overexpressing (OE) cell was obtained by
transducing HELFs with a lentivirus expressing WDR5 (pCDH-WDR5). HELFs transduced with lentivirus
produced from the empty vector (pCDH) served as a negative control (NC). The WDR5 knockdown cell
line (KD) was generated by transducing HELFs with an sh-W3-expressing lentivirus which also encodes
green fluorescent protein and puromycin resistance. When green fluorescence was observed in the
majority of cells, cells were subcultured at 1 X 106 cells per 100-mm dish and incubated in MEM
containing 8 pg/ml puromycin (catalog number P8833; Sigma-Aldrich) for 2 weeks. Survivors were
harvested, and clonal lines were isolated by limiting dilution in 96-well plates. IB was used to screen the
clonal lines for WDR5 reduced expression, and one of the lines was selected and designated KD. The Ctl
cell line was similarly obtained by transducing HELFs with lentivirus expressing scrambled shRNA, while
the Rec cell line was obtained by transducing KD cells with WDR5-expressing lentivirus (pCDH-WDR5)
and screening clonal lines for restored WDR5 expression.

Cell viability. Cell viability was analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (catalog number M2128; Sigma-Aldrich) following the manufacturer’s instructions.
Briefly, cells were seeded at 5 X 103 cells/well in 96-well plates and incubated for 3, 4, or 5 days. The
medium was then replaced with 200 ul fresh MEM without phenol red containing 0.5% MTT. After
incubation at 37°C for 4 h, the medium was removed and 150 ul of dimethyl sulfoxide (DMSO) was added
into each well. The plate was agitated, and the absorbance at 570 nm was determined with a reference
wavelength of 630 nm using an Epoch microplate spectrophotometer (BioTek Instruments, USA).

Quantitation of virus replication. Cells of the HELF-derived cell lines were synchronized by serum
starvation for 48 h, trypsinized, and reseeded onto 6-well plates (8 X 10° cells/well) and then infected
with HCMV at an MOI of 0.5, 1, or 3. After 2 h of incubation, the inoculum was removed, the cells were
rinsed with phosphate-buffered saline, and fresh MEM was added. Supernatant samples were collected
at various time points and stored at —80°C until they were assayed. Infectious virus titers were
determined by a plaque assay (86). Briefly, HELs were seeded into 24-well dishes at a density of 1.5 X 106
cells per plate. On the following day, the cells were infected with 200 ul of supernatant sample after
10-fold serial dilution. After adsorption for 3 h, MEM with a 0.5% agarose overlay was added to each
well. Plaques were counted at 7 to 10 dpi, and an average titer was derived from three independent
experiments.

Quantitation of viral genome copy number. Genomic DNA was extracted from infected cells using
a genomic DNA extraction kit (catalog number DP304; Tiangen Biotech), followed by qPCR to quantitate
viral DNAs using HCMV UL83 primers as described previously (44). Means and standard deviations (SD)
from at least three independent experiments were calculated.

Quantitative reverse transcription-PCR (qRT-PCR). HELs were infected at an MOI of 3 and
harvested at the times postinfection indicated above and in the figures. A total of 1 X 10 cells were used
for total RNA extraction using the RNAiso Plus reagent (catalog number 9109; TaKaRa), followed by
treatment with 10 U of recombinant DNase | (catalog number 2270A; TaKaRa) to remove residual DNA.
One microgram of RNA from each sample was reverse transcribed with a RevertAid H Minus first-strand
cDNA synthesis kit (catalog number K1631; Fermentas) with random primers. Then, gPCR was performed
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TABLE 1 Antibodies used in this study

Journal of Virology

Antibody? (clone)

Species/isotype

Source/catalog number

Primary antibodies
Anti-WDR5
Antiactin (clone 6G3)
Anti-ubiquitin B
Anti-IE1 (clone p63-27)
Anti-IE1/2 (clone CH160)
Anti-UL44 (clone CH13)
Anti-gB (clone CH28)

Rabbit polyclonal

Mouse monoclonal/IgG1
Rabbit polyclonal

Mouse monoclonal/lgG2a
Mouse monoclonal/lgG1
Mouse monoclonal/IgG1
Mouse monoclonal/lgG1

Millipore/07-706
Sungene Biotech/KM9001
Abclonal/A0162

Gift from William J. Britt, University of Alabama, USA

Virusys/P1215
Virusys/P1202-1
Virusys/P1201

Anti-pUL53 (clone 7H8) Mouse monoclonal/IgG1
Anti-MCP (clone 28.4) Mouse monoclonal/lgG2a

Secondary antibodies
TRITC-anti-mouse 1gG2a Goat Southern Biotech/1080-03
AF647-anti-mouse IgG1 Goat Life Technologies/A21240
Peroxidase-anti-mouse IgG Goat

Peroxidase-anti-rabbit 1gG Goat

Gift from Stipan Jonjic, University of Rijeka, Rijeka, Croatia
Gift from William J. Britt, University of Alabama, USA

Jackson ImmunoResearch Laboratories/115-035-003
Jackson ImmunoResearch Laboratories/111-035-003

aTRITC, tetramethyl rhodamine isocyanate; AF647, ALexa Fluor 647.

on a real-time thermocycler (Bio-Rad; Connect) using SYBR green PCR master mix (catalog number
4309155; Applied Biosystems) in a 20-ul reaction mixture for 40 PCR cycles as described previously (44,
83, 85, 87). The PCR primers for WDR5 were 5'-GGTGGGAAGTGGATTGTGTC-3" and 5'-GCAGCAGAGGC
GATGATG-3'. The PCR primers for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were 5'-GAGT
CAACGGATTTGGTCGT-3" and 5’-GACAAGCTTCCCGTTCTCAG-3'.

Immunoblotting (IB). Cells were harvested and lysed with cell lysis buffer (catalog number P0013;
Beyotime) containing protease inhibitor cocktail (catalog number 04693159001; Roche). The protein
concentrations of the cell lysates were determined by Bradford assay (catalog number 500-0205;
Bio-Rad). Cell lysates with equal amounts of total protein were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to polyvinylidene difluoride membranes (catalog number
ISEQO0010; Millipore). Membranes were sequentially probed with primary antibodies and appropriate
peroxidase-conjugated secondary antibodies (Table 1), developed using SuperSignal West Femto chemi-
luminescent substrate (catalog number 34095; Life Technologies), detected using a FluorChem HD2
system (Alpha Innotech), and quantitated by densitometry using ImageJ software (National Institutes of
Health).

Immunofluorescence analysis (IFA). Synchronized HELF-derived cells were reseeded onto cover-
slips and infected with HCMV after attachment. Coverslips were fixed with 4% paraformaldehyde, and
target proteins were detected by incubation with the primary antibodies and appropriate secondary
antibodies (Table 1) as described previously (88). Nuclei were counterstained with DAPI (4',6-diamidino-
2-phenylindole; catalog number D9542; Sigma-Aldrich). Images were obtained using the Volocity (ver-
sion 5.5) software package (PerkinElmer) on a PerkinElmer UltraVIEW VoX spinning disk laser confocal
scanning microscope.

In vivo ubiquitination assay. Mock- or HCMV-infected HELs were treated with DMSO or MG132 (6
uM) at 72 hpi, harvested after 6 h of incubation, and lysed with cell lysis buffer containing protease
inhibitor cocktail at 4°C. Cell lysates containing 30 ug total protein were used for input controls. For
immunoprecipitation, lysates containing 1 mg protein were incubated with 1.5 ng anti-WDR5 antibody
at 4°C overnight with rotation and then incubated with protein A/G agarose beads (catalog number
P2012; Beyotime) for 4 h at 4°C and analyzed by IB for WDR5 and ubiquitinated proteins. The antibodies
used are listed in Table 1.

CHX treatment and protein stability assay. To analyze WDRS5 stability. HELFs that had been mock
infected or HCMV infected (MOI = 3) for 72 h were treated with 100 ng/ml CHX (catalog number C7698;
Sigma-Aldrich). Cell lysates were harvested at 4-h intervals and assayed by IB.

Transmission electron microscopy (TEM). Cells were infected with HCMV at an MOI of 0.5 and
harvested at 96 or 120 hpi. Cells were fixed with 2.5% (wt/vol) glutaraldehyde for 1 h at room
temperature and then treated with 1% osmium tetroxide, dehydrated through a graded series of ethanol
concentrations (from 30 to 100%), and embedded with an Embed 812 kit (Electron Microscopy Sciences,
Fort Washington, PA). Ultrathin sections (60 to 80 nm) of embedded specimens were prepared, deposited
onto Formvar-coated copper grids (200 mesh), stained with 2% (wt/vol) phosphotungstic acid (PTA; pH
6.8), and observed under a Tecnai transmission electron microscope (FEl) operated at 200 kV.

Statistical analyses. Statistical analyses were performed using the SPSS software package (version
18.0; IBM), and graphs were generated with Prism GraphPad software (version 5.01; IBM). One-way
analysis of variance (ANOVA) was used for comparison of two experimental groups, and a P value of
<0.05 was considered statistically significant; when comparison among experimental groups was
needed, the Bonferroni post hoc test was conducted for multiple testing corrections; a P value of <0.0167
was considered statistically significant. Statistical tests for TEM data were conducted using the Kruskal-
Wallis test. This test is designed for the analysis of data that does not assume a normal distribution of
errors. If the overall Kruskal-Wallis test result was statistically significant, post hoc Dunn’s multiple-
comparison tests were conducted, and a P value of <0.05 was considered statistically significant.
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